1-Methylcyclopropene (1-MCP) strongly inhibits ethylene-mediated ripening effects. Since 1-MCP binds irreversibly to ethylene receptors, and ethylene sensitivity is recovered through the appearance of new ethylene receptors, it is important to characterize ethylene receptor genes to understand 1-MCP efficacy. We isolated three putative ethylene receptor genes from apple fruit and examined Md-ETR1, Md-ERS1, and Md-ERS2 expression patterns in 1-MCP-treated and -untreated fruit of 'Orin' and 'Fuji'. In both cultivars, treatment with 1-MCP suppressed ethylene production and rapidly decreased expressions of Md-ERS1 and Md-ERS2, but Md-ETR1 mRNA was slightly reduced by the application of 1-MCP. One possible explanation for the high 1-MCP efficacy in apple fruits is that 1-MCP suppresses ethylene production and Md-ETR1 is expressed in 1-MCP-treated fruit. Md-ERS1 and Md-ERS2 mRNAs accumulated more abundantly in untreated 'Fuji', which has a long shelf life, than in 'Orin'. Since ethylene receptors negatively regulate ethylene signaling, differences in expression levels between the cultivars might be reflected in differences in ethylene sensitivity.
Introduction
The plant hormone ethylene plays a crucial role in many plant functions from seed germination to ripening and senescence (Abeles et al., 1992) . In climacteric fruit, increased ethylene evolution is required for normal fruit ripening, as demonstrated in transgenic tomato fruit in which ethylene production was suppressed (Hamilton et al., 1990; Oeller et al., 1991) or ethylene sensing was inhibited (Wilkinson et al., 1997) . It is well documented that the pathway of ethylene biosynthesis proceeds from S-adenosyl-L-methionine (SAM) via 1-aminocyclopropane-1-carboxylic acid (ACC) (Adams and Yang, 1979) . The first step is catalysed by ACC synthase and the second by ACC oxidase. ACC synthase is generally the rate-limiting enzyme in the biosynthetic pathway (Kende, 1993) . Ethylene perception and signal transduction have been extensively studied at the genetic and biochemical levels in Arabidopsis and tomato. Crossing experiments of Arabidopsis receptor knockouts indicate that ethylene receptors act as negative regulators of the ethylene response . Ethylene receptor genes have been identified in many plant species and their expression patterns have been examined; their expressions are regulated differentially according to the tissue, developmental stage, and environmental stimuli (Bassett et al., 2002; Cin et al., 2005; Sato-Nara et al., 1999) .
A strong, potent inhibitor of ethylene action, 1-methylcyclopropene (1-MCP) prevents the physiological action of ethylene. The application of 1-MCP can maintain the freshness of various fruits, vegetables, and flowers (Blankenship and Dole, 2003; Hayama et al., 2005; Kurahashi et al., 2005; Ortiz et al., 2005) . Although 1-MCP-treated apple fruits showed reduced levels of ethylene production and respiration, maintained flesh firmness and high acidity, showed reduced superficial scald development and peel greasiness, and stayed greener (Blankenship and Dole, 2003) , it is poorly understood how 1-MCP prevents these ripening processes at molecular levels. The efficacy of 1-MCP depends on the cultivar, storage conditions, treatment temperature and duration, fruit maturity, and time from harvest (Blankenship and Dole, 2003) . It is thought that 1-MCP binds irreversibly to ethylene receptors, and ethylene sensitivity is recovered through the appearance of new ethylene receptors (Blankenship and Dole, 2003) . Hence, it is important to study ethylene production and characterize ethylene receptor genes in 1-MCP-treated fruit in order to understand 1-MCP efficacy.
Fruit softening during ripening involves a coordinated series of modifications to the polysaccharide components of the primary cell wall and middle lamella (Brummell, 2006) . Disassembly of the cell wall during ripening is due to the actions of cell-wall-modifying enzymes and proteins (Brummell and Harpster, 2001) . Although ethylene does not regulate all fruit softening processes, expression of some of the cell-wall-modifying enzyme genes and proteins is induced by ethylene (Hiwasa et al., 2003; Lelievre et al., 1997) .
Malic acid is the principal organic acid in apple. It decreases during storage (Ackermann et al., 1992) because organic acids are substrates of respiration. 1-MCP-treated apple fruits and transgenic apple fruits in which ACC synthase or ACC oxidase activity was suppressed showed a reduced loss of acids after harvest (Defilippi et al., 2004) . These results indicate that organic acid metabolism is an ethylene-dependent process.
Ethylene biosynthesis in apple fruit differs considerably among cultivars (Abeles et al., 1992) . These differences can be explained by the allelic genotype of MdACS1, which is expressed predominantly in climacteric fruit (Dong et al., 1991; Harada et al., 2000; Sunako et al., 1999) . Oraguzie et al. (2004) reported that all of the genotypes of low ethylene production (Md-ACS1-2/2) had not a hard firmness after harvest and that the allelic form did not correlate with storage competency. They also indicated that the Md-ACS1-2/2 category may have different sensitivities to ethylene (Oraguzie et al., 2004) . To understand the effect of ethylene receptor gene expressions on ethylene sensitivity and 1-MCP efficacy, we isolated cDNAs for ethylene receptors and analyzed their expression patterns in apple fruits treated with or without 1-MCP. We used two apple cultivars, 'Fuji' and 'Orin', which show distinct differences in ethylene production and storage life. We report here that the expression of the genes for two apple ethylene receptors (Md-ERS1 and Md-ERS2) was induced in ripening fruit, and their transcripts were more abundant in 'Fuji' fruit.
Materials and Methods

Plant materials and treatment
'Orin' and 'Fuji' apple (Malus domestica) fruits were harvested at the pre-climacteric stage (11 and 26 days, respectively, before commercial harvest) and at commercial maturity in Fukushima prefecture. The preclimacteric fruits did not increase ethylene production, and had lower Brix than commercially mature fruits. For 1-MCP treatment, fruits were placed in 117-L plastic containers and treated with 1 ppm 1-MCP (SmartFresh, AgroFresh Inc., Springhouse, PA, USA) for 12 h at 22°C. For the control, fruits were left in air for 12 h at 22°C. The fruits were then stored for 1, 3, 7, 14, 30, 60, or 90 days at 20°C. All samples were used for ethylene measurement, and then firmness and fruit acidity were determined. Part of the fruit was frozen in liquid nitrogen, and stored at −80°C until use. Six fruits were used for each experimental unit. 'Fuji' leaves were collected at the National Institute of Fruit Tree Science (Tsukuba, Japan) for the isolation of total RNA and construction of a cDNA library. For propylene and ethylene treatment, leaves were placed in a 1.2-L glass chamber containing 5000 ppm propylene or 100 ppm ethylene for 1 or 2 h at 20°C, then frozen in liquid nitrogen and stored at −80°C until isolation of total RNA. For the control, leaves were left in a 1.2-L glass chamber containing air.
Assessment of fruit quality
For the measurement of ethylene, fruits were placed in a 1.2-L air-tight glass chamber for 1 h at 20°C. One millilitre of headspace gas was withdrawn from the chamber for each measurement and injected into a gas chromatograph (model GC-14B, Shimadzu, Kyoto, Japan) equipped with an activated alumina column and flame ionization detectors. Firmness was determined on opposite sides of each fruit using a penetrometer (FT011, 8-mm diameter, Italtest, Italy) and expressed in newtons (N). After measuring firmness, we divided each apple into eight equal-sized segments, and then measured titratable acidity (TA) in two segments that were diametrically opposite from each other using an autotitrator (Foodstat FS-51, Toko Chemical Laboratories, Co., Ltd., Tokyo, Japan).
RNA extraction and isolation of cDNA
Total RNA of fruits was extracted using the hot borate method (Wan and Wilkins, 1994) . First-strand cDNA was synthesized by reverse transcriptase (SuperScript II, Invitrogen, CA, USA), from 2 µg of the total RNA from 'Fuji' ripening fruit. To screen for ethylene receptor gene fragments, we synthesized degenerate primers sense: 5'- (Bassett et al., 2002) . The PCR condition was 94°C for 1 min and 30 cycles of 94°C for 0.5 min, 55°C for 1 min and 72°C for 2 min, with a final extension of 7 min at 72°C, and LA Taq polymerase (TaKaRa, Kyoto, Japan) was used. Amplified fragments were cloned into pCR2.1 (Invitrogen) and sequenced. For construction of the cDNA library, total RNA was extracted using the hot borate method (Wan and Wilkins, 1994) from 'Fuji' propylene-treated leaves.
cDNA library screening
Poly(A) + RNA was isolated from total RNA of 'Fuji' propylene-treated leaves by using Oligo(dT) Cellulose (Amersham Biosciences, NJ, USA) and used to construct a cDNA library in λ Uni-ZAP XR (Stratagene, La Jolla, CA, USA) according to the manufacturer's protocol. Approximately 405000 plaques were screened with a partial fragment of the ethylene receptor probe in PCR DIG Labeling Mix (Roche Diagnostics, Mannheim, Germany). The phage DNA was isolated, and the cDNA was subcloned into the EcoRI site of pBluescript II SK − (Stratagene).
Northern blot analysis
Total RNA was separated in a 1.0% agarose gel that contained 0.66 M formaldehyde, and was blotted onto a nylon membrane (Hybond N + , Amersham Biosciences). PCR fragments amplified with the following specific primer sets were used as probes: Md-ETR1: sense: 5'-GTTTAAGTGGCTCAATC-3', antisense: 5'-AGTAAT-GCTCCTGTGTC-3'; Md-ERS1: sense: 5'-CGCGAAT-TCAAGGAGATGGGGCTTATG-3', antisense: 5'-CGCCTCGAGTCCACTGGCATCCAAAGA-3'; Md-ERS2: sense: 5'-GCTCGTTCACATTATCCCT-3', antisense: 5'-ACCCTCGCTTTCAATCCAAAT-3'. The probes were labeled with PCR DIG Labeling Mix (Roche Diagnostics). Hybridization was performed in 7% SDS, 50% formamide, 5 × SSC, 0.1% N-lauroylsarcosine, 2% blocking buffer (Roche Diagnostics), and 50 mM sodium phosphate (pH 7.0) at 50°C. Membranes were washed twice for 30 min with 0.1 × SSC, 0.1% SDS at 65°C, and then used to expose X-ray film (Fuji Film, Tokyo, Japan) for 4 h. Ethidium bromide RNA was used to show equivalence of RNA loading.
Results
Effects of 1-MCP on flesh firmness and TA of apple fruit
The flesh of the 'Orin' control fruit gradually softened after harvest, and then its firmness rapidly decreased from 7 to 30 days after harvest (DAH), from 35 N to 22 N (Fig. 1A) . 'Orin' fruit treated with 1-MCP remained firm until 60 DAH, and then its firmness gradually decreased. Reduction of flesh firmness of the control 'Fuji' fruit was slower than that of 'Orin' (Fig. 1B) . The 1-MCP-treated 'Fuji' fruit remained hard for 90 days. Figure 2 shows the TA of 1-MCP-treated and -untreated fruit. In both cultivars, although the TA of both treated and untreated fruit decreased during storage, Fig. 1 . Flesh firmness of apple fruit 'Orin' and 'Fuji' during storage.
Fruits were harvested at pre-climacteric stages ('Orin' and 'Fuji', 11 days and 26 days before harvest, respectively), and at commercial maturity. Vertical bars represent the SE (n = 6). Other details are as described in Fig. 1 . Fig. 3 . Ethylene production of apple fruit 'Orin' and 'Fuji' during storage. Other details are as described in Fig. 1 .
that of treated fruit was higher than that of untreated fruit.
Effect of 1-MCP on ethylene production
Although ethylene production was very low in the preclimacteric fruit ('Orin', 11 days before harvest; 'Fuji', 26 days before harvest), it immediately increased in the control fruit after harvest and reached its maximum level (71 and 21 nL·h −1 ·g −1 FW, respectively) at 30 DAH (Fig.  3) . The application of 1-MCP suppressed ethylene production until 30 days in both cultivars, and then ethylene production started.
Isolation of ethylene receptor genes
To analyze the regulation of ethylene perception at the molecular level, we isolated ethylene receptor genes from apple. Three ethylene receptor cDNA partial fragments were obtained by means of reverse transcription (RT)-PCR using degenerate primers. The nucleotide sequences of two cDNA clones are identical to those of Md-ETR1 (AF032448) and Md-ERS1 (AY083169), respectively. The nucleotide sequence of the other clone is similar to that of Md-ERS1, so we named this clone Md-ERS2. We screened the cDNA library from propylene-treated leaves, in which Md-ERS2 was expressed in abundance (data not shown), with the Md-ERS2 probe, and obtained the full-length cDNA clone. The amino acid sequence of Md-ERS2 (AB213028) was 80.6% and 86.2% identical, respectively, to that of Md-ERS1 and Pc-ERS1a (pear, AF386515). Md-ETR1, Md-ERS1, and Md-ERS2 are classified in the same subfamily , even though Md-ERS1 and Md-ERS2 have no receiver domain at the carboxyl-terminus. These three clones were used as probes for Northern blot analyses. Figure 4 shows the expression patterns of the ethylene receptor genes. Md-ETR1 appeared to be constitutively expressed from pre-climacteric to ripening fruits in both cultivars, and the transcript levels showed no remarkable differences in 'Orin' and 'Fuji' fruit. The level of Md-ERS1 increased after harvest in both cultivars, and remained constant for up to 30 DAH in control fruit. The level of Md-ERS2 was higher in 'Fuji' than in 'Orin'. In 'Fuji', Md-ERS2 gradually increased after harvest to 7 DAH and then remained constant until 30 DAH, but in 'Orin' it was present only at low levels at 3 DAH and then decreased.
Expression patterns of ethylene receptor genes
The amount of Md-ETR1 mRNA was slightly reduced by application of 1-MCP in both cultivars. The increase of Md-ERS1 and Md-ERS2 expressions was significantly suppressed by 1-MCP treatment for up to 30 DAH, and then these transcripts began to increase. Md-ERS1 and Md-ERS2 transcripts were more abundant in ethylenetreated 'Fuji' leaves than in control leaves (Fig. 5) .
Discussion 1-MCP binds to ethylene receptors and strongly inhibits ethylene-mediated fruit ripening in climacteric fruit (Blankenship and Dole 2003) . Application of 1-MCP reduced the rate of softening, maintained a higher acidity, and suppressed ethylene production for at least a month in 'Orin' and 'Fuji' fruits (Figs. 1-3) .
The ethylene receptor gene Md-ERS2 was newly isolated. We examined its expression patterns and those of two other known apple receptor genes, Md-ETR1 and Md-ERS1. The expression patterns of MdETR1 and MdERS1 have been examined in abscising fruitlets (Cin et al., 2005) , but not in ripening fruit. The expression patterns of Md-ETR1 were almost the same between cultivars, and were little affected by 1-MCP treatment (Fig. 4) . On the other hand, expression patterns of Md-ERS1 and Md-ERS2 were clearly different in both cultivars, and were significantly affected by 1-MCP (Fig. 4) . In ethylene-treated 'Fuji' leaves, Md-ERS1 and Md-ERS2 were induced abundantly (Fig. 5) . These results indicate that the expressions of Md-ERS1 and Md-ERS2 require normal ethylene sensing. Although the ethylene production level was higher in 'Orin' than in 'Fuji' (Fig. 3) , the transcript levels were higher in 'Fuji' than in 'Orin' (Fig. 4) . Furthermore, in 'Fuji' preclimacteric fruit (26 days before harvest), which produced 0.14 nL·g
FW·h −1 ethylene, expressions of Md-ERS1 and Md-ERS2 were detectable (Fig. 4) . We speculate that although ethylene is required for their expression, the gene expression levels are not dependent on the amount of ethylene, and the degree of ethylene production in 'Fuji' pre-climacteric fruit may be sufficient to induce them.
Ethylene receptors act as negative regulators of the ethylene response pathway Tieman et al., 2000) , and reduced levels of receptors appear to confer high ethylene sensitivity. Here, transcript levels of Md-ERS1 and Md-ERS2 were more abundant in untreated 'Fuji' fruit. Considering this negative regulation, 'Fuji' might be less sensitive to ethylene, which might be a reason for its long shelf-life. However, as we used only 2 cultivars, we will have to investigate many more to account for the relationship between fruit shelf-life and expression levels of ethylene receptor genes.
Mutant plants which produced ethylene receptors that lack ethylene-binding ability showed ethylene insensitivity (Wilkinson et al., 1995 (Wilkinson et al., , 1997 . We assume that 1-MCP-treated plants are like an ethylene-insensitive mutant, because their ethylene receptors cannot bind to ethylene and may continue to act as negative regulators in ethylene signal transduction for a while. Expression levels of the 3 ethylene receptors genes were slightly high in 'Fuji' than in 'Orin' when 1-MCP treatment was carried out (0 days after harvest, Fig. 4 ). Considering the negative regulation, a more abundant receptor-1-MCP complex might strongly suppress ethylene signaling. If abundant ethylene is produced when 1-MCP is applied, endogenous ethylene already present should have competed with 1-MCP to bind to ethylene receptors, and the quantity of ethylene-receptor complex should increase and that of the 1-MCP-receptors complex should decrease, although 1-MCP has 10 times the affinity of ethylene for receptors (Blankenship and Dole, 2003) , and negative regulation of ethylene signaling might be released. In this study, ethylene production under 1-MCP treatment (0 DAH) was not high (0.04 and 0.41 nL·g −1 FW·h −1 in 'Orin' and 'Fuji', respectively), which might have resulted in the strong effect of 1-MCP.
Application of 1-MCP suppressed ethylene production in both cultivars for 30 DAH (Fig. 3) , and Md-ERS1 and Md-ERS2 transcripts began to increase by 60 DAH (Fig. 4) . These results suggest that ethylene sensitivity recovered from 30 to 60 DAH. During this period, the rate of loss of firmness in 1-MCP-treated 'Orin' was faster than that of 'Fuji' (Fig. 1) . Thus, one 1-MCP treatment at the level used in the present study made apple effectively insensitive to ethylene for ca. 1 month. The rate of turnover of ethylene receptors and how long the receptor-1-MCP complex can suppress ethylene signaling have not been determined. A low level of Md-ERS2 was expressed in 1-MCP-treated 'Fuji', and constant levels of Md-ETR1 were detected in 1-MCPtreated 'Fuji' and 'Orin' fruits (Fig. 4) . Since unbound ethylene receptors suppress ethylene signaling, they may prolong ethylene insensitivity in the absence of ethylene in 1-MCP-treated fruits. We propose 2 reasons why 1-MCP has high efficacy in apple fruits: (1) 1-MCP suppresses ethylene production; and (2) ethylene receptor genes, such as Md-ETR1, are expressed in 1-MCP-treated fruit. Further study such as the analysis of receptor protein levels will help to reveal the mechanism of 1-MCP efficacy.
Ethylene receptor genes are classified into two categories . One is the ETR1-like subfamily, with three trans-membrane domains in the amino-terminal region and a well-conserved histidine kinase domain in the carboxy-terminal region, to which Md-ETR1, Md-ERS1, and Md-ERS2 belong. The other is the ETR2-like subfamily, with four membranespanning domains and a degenerate histidine kinase domain that lacks one or more conserved amino acids considered necessary for catalytic activity. The importance of hisitidine kinase acitivity in ethylene signaling is still unclear (Chen et al., 2005) . Since reduced levels of Le-ETR4 (ETR2 subfamily) in antisense tomato fruit accelerates the onset of ripening (Tieman et al., 2000) , the ETR2 subfamily was thought to have a critical role in the ethylene signaling pathway. In this study, we used degenerate primers based on some receptor genes of the ETR1 subfamily. To further understand ethylene signaling in apple fruit, we should also isolate ethylene receptors of the ETR2 subfamily and examine their expressions.
Although the acidity of all harvested fruit gradually decreased during storage, 1-MCP treatment delayed the decrease of acidity in both cultivars (Fig. 2) . Since respiration is suppressed by 1-MCP, it has been assumed that suppression of the reduction of acidity in 1-MCPtreated fruit is caused by the suppression of respiration (Defilippi et al., 2004) . Some enzymes or proteins that control acidity or organic acid metabolism in ripening fruit have been identified (Etienne et al., 2002a (Etienne et al., , 2002b Müller et al., 1996; Terrier et al., 2001 ). The activity of some of these enzymes or proteins might be regulated by ethylene, but no correlation has been reported.
The flesh firmness of untreated 'Fuji' remained harder than that of 'Orin' (Fig. 1) . Wakasa et al. (2006) suggested that the level of MdPG1 (endopolygalacturonase) transcripts is correlated with the rate of firmness loss, because apple cultivars that remain firm revealed a very weak or transient expression of MdPG1. They also showed that the level of Md-ACS1 transcripts and the rate of ethylene production had no relationship with the loss of flesh firmness. The difference in the rate of softening between the 2 cultivars may be due to the level of MdPG1 expression. Since the process of fruit softening is complex and involves many cell-wallmodifying enzymes (Brummell and Harpster, 2001 ), further work is needed to reveal the mechanism of fruit softening and the role of ethylene in apple fruit softening.
